Influence of Varying Inorganic Nutrients Supply on Ergosterol and Glucosamine Concentrations and Biomass Nutrient Stoichiometry in Ectomycorrhizal Fungi by Koury, Stephanie S.
The University of Southern Mississippi 
The Aquila Digital Community 
Master's Theses 
Summer 2019 
Influence of Varying Inorganic Nutrients Supply on Ergosterol and 
Glucosamine Concentrations and Biomass Nutrient Stoichiometry 
in Ectomycorrhizal Fungi 
Stephanie S. Koury 
University of Southern Mississippi 
Follow this and additional works at: https://aquila.usm.edu/masters_theses 
 Part of the Terrestrial and Aquatic Ecology Commons 
Recommended Citation 
Koury, Stephanie S., "Influence of Varying Inorganic Nutrients Supply on Ergosterol and Glucosamine 
Concentrations and Biomass Nutrient Stoichiometry in Ectomycorrhizal Fungi" (2019). Master's Theses. 
664. 
https://aquila.usm.edu/masters_theses/664 
This Masters Thesis is brought to you for free and open access by The Aquila Digital Community. It has been 
accepted for inclusion in Master's Theses by an authorized administrator of The Aquila Digital Community. For 
more information, please contact Joshua.Cromwell@usm.edu. 
INFLUENCE OF VARYING INORGANIC NUTRIENTS SUPPLY ON 
ERGOSTEROL AND GLUCOSAMINE CONCENTRATIONS AND BIOMASS 





Stephanie Sue Koury 
A Thesis 
Submitted to the Graduate School, 
the College of Arts and Sciences 
and the School of Biological, Environmental, and Earth Sciences 
at The University of Southern Mississippi 
in Partial Fulfillment of the Requirements 
for the Degree of Master of Science 
Approved by: 
 
Dr. Kevin A. Kuehn, Committee Chair 
Micheal A. Davis 











____________________ ____________________ ____________________ 
Dr. Kevin A. Kuehn 
Committee Chair 
Dr. Jake F. Schaefer 
Director of School 
Dr. Karen S. Coats 






Stephanie Sue Koury 
2019 






Ectomycorrhizal (ECM) fungi are critical for the health of forest ecosystems 
where they can sequester large amounts of carbon in the form of soil organic matter, a 
matter of growing interest due to anthropogenic climate change. A clear understanding of 
their growth dynamics and responses to environmental changes is imperative for future 
work in forest management and the possible mitigation of increased atmospheric CO2. 
Six ECM fungal species were grown in liquid culture under varying nitrogen and 
phosphorus concentrations and ratios to assess how exogenous nutrient supplies affect 
fungal biomass stoichiometry and the degree of elemental homeostasis. Additional 
studies also examined nutrient and ratio effects on fungal ergosterol and chitin 
concentrations, which are important biochemical indicator molecules used to assess 
fungal biomass in environmental samples. Ergosterol and chitin concentrations in fungal 
dry mass differed significantly between species with no clear pattern. Unlike prior 
research on saprobic fungi, ECM fungal species displayed strict elemental homeostasis 
under varying resource nutrient conditions. Finally, seedlings of Monterey pine (Pinus 
radiata) were inoculated with the ECM fungus Rhizopogon occidentalis and grown in 
mycocosms to assess patterns of fungal growth, production and turnover. This controlled 
mycocosm approach resulted in lower estimations of production and turnover in 
comparison to field studies. These findings suggest future work with ECM could possibly 
benefit from a modified mycocosm approach in understanding how varying nutritional 
regimes influence fungal stoichiometry and what affect that could have on their potential 





I would like to extend my deepest gratitude to Dr. Kevin Kuehn for his 
mentorship and guidance as his Master’s student. I would not be who I am today without 
his belief in me. Thank you to my committee members Dr. Micheal Davis and Dr. Jason 
Hoeksema for their advice and feedback over the years, and Dr. Halvor Halvorson for his 
unending patience. Thank you to Rong Su, Knox Flowers, Rachel Smilo, Matthew 
Lodato, and the rest of the Kuehn lab for the laughter and friendship both in and out of 
the lab. Finally, I would like to thank my parents, Phillip and Amy Koury, my husband 
Tom Hudson, and my Blue for their love and support. This research would not have been 
possible without funding from National Science Foundation (DEB-1119865) and (DBI-

















TABLE OF CONTENTS 
ABSTRACT ........................................................................................................................ ii 
ACKNOWLEDGMENTS ................................................................................................. iii 
DEDICATION ................................................................................................................... iv 
LIST OF TABLES ............................................................................................................ vii 
LIST OF ILLUSTRATIONS ........................................................................................... viii 
LIST OF ABBREVIATIONS ............................................................................................ ix 
CHAPTER I - INTRODUCTION ...................................................................................... 1 
CHAPTER II – METHODS AND MATERIALS .............................................................. 9 
Overall Experimental Design .......................................................................................... 9 
Experimental Approach .................................................................................................. 9 
Ergosterol ...................................................................................................................... 12 
Chitin (N-acetylglucosamine) ....................................................................................... 13 
Carbon, Nitrogen and Phosphorus Analysis ................................................................. 14 
Data analyses ................................................................................................................ 15 
Mycocosm Growth Study ............................................................................................. 16 
Growth Study Data Synthesis ....................................................................................... 19 
CHAPTER III - RESULTS ............................................................................................... 20 
Ergosterol ...................................................................................................................... 20 
Glucosamine ................................................................................................................. 23 
 
vi 
N:P Homeostasis ........................................................................................................... 27 
Mycocosm Growth Experiments .................................................................................. 30 
CHAPTER IV – DISCUSSION........................................................................................ 32 
Ergosterol ...................................................................................................................... 32 
Glucosamine ................................................................................................................. 35 
Homeostasis .................................................................................................................. 36 
Mycocosm Growth........................................................................................................ 38 
Conclusion .................................................................................................................... 41 




LIST OF TABLES 
Table 1. Nine combinations of nutrient concentrations and N+P treatment ratios used in 
the experiment. .................................................................................................................. 10 
Table 2. Experimental design of mycocosm growth experiment (from Meachum 2016). 18 
Table 3. Ergosterol concentrations of the ectomycorrhizal strains examined over all 
nutrient concentration and ratios (mean±SD,  n = 36). ..................................................... 20 
Table 4.Glucosamine concentrations of the ectomycorrhizal strains examined over all 
nutrient concentration and ratios (mean±SD, n = 31-33). ................................................ 24 
Table 5. Analysis of covariance for fungal stoichiometry with concentration as factor and 
ratio as continuous covariate. Homogeneity of slopes tested by interaction (P< 0.05) in 
ANCOVA. ........................................................................................................................ 28 
Table 6. Summary of production, biomass, and turnover rates of extramatrical mycelia 




LIST OF ILLUSTRATIONS 
Figure 1. Concentrations of inorganic nitrogen (N) and phosphorus (P) used in the 9 
varying nutrient treatments of the experiment. ................................................................. 11 
Figure 2. Box-plot of ergosterol concentrations of the ectomycorrhizal strains examined 
over all nutrient concentration and ratios (n=36). ............................................................. 21 
Figure 3. Effect of varying N:P concentrations and ratios on the ergosterol concentrations 
of the ectomycorrhizal species examined (mean±SE, n=4). ............................................. 22 
Figure 4. Box-plot of glucosamine concentrations of the ectomycorrhizal strains 
examined over all nutrient concentration and ratios (n=31-33). ....................................... 25 
Figure 5. Effect of varying N:P concentration and ratios on the glucosamine 
concentration of the ectomycorrhizal species examined (mean ± SE, n = 3-4). ............... 26 
Figure 6. Linear regression of fungal N:P versus resource N:P indicating degree of N:P 




LIST OF ABBREVIATIONS 
ANCOVA   analysis of covariance 
  ANOVA   analysis of variance 
  B    biomass 
  C    carbon 
  C    degree celsius 
  CO2    carbon dioxide 
  CA    California 
  d    day 
  DI    deionized  
  dwt.    dry weight 
  ECM    ectomycorrhizal 
  EFM    ectomycorrhizal fungal mycelia 
  e.g.    for example 
  EMM    extramatrical mycelia 
  et al.    and others 
  Fe(NO3)3   iron (III) nitrate 
  FMOC-Cl   to 9-fluorenylmethylchloroformate 
  g    gram 
  h    hour 
  ha    hectare 
  HCl    hydrochloric acid 
  HEPA    high-efficiency particulate air 
  HPLC    high pressure liquid chromatography 
  HSD    honestly significant difference 
  H2O    water 
  i.e.    that is 
  kg    kilogram 
  KH2PO4   potassium phosphate 
  KOH    potassium hydroxide 
  L    liter 
  m    meter 
  M    molar 
  mg    milligram 
  MgSO4   Magnesium Sulfate 
  min    minute  
  ml    milliliters 
  mm    millimeters 
  mM    millimolar 
  MMN    modified melin norkrans 
  mmol    millimole 
  MnSO4   manganese sulfate 
  M.S.    Master of Science 
  n    sample size 
 
x 
  N    nitrogen 
  N    north 
  N    normal 
  N/A    not applicable 
  NaOH    sodium hydroxide 
  NH4Cl    ammonium chloride 
  nm    nanometer 
  NPP    net primary productivity 
  P    phosphorus 
  P    production 
  pH    potential of hydrogen 
  PVC    polyvinyl chloride 
  reps    replicates 
  rpm    revolutions per minute 
  s    second 
  SD    standard deviation of the mean 
  SE    standard error of the mean 
  sec    second 
  sp.    species 
  l    microliter 
  g    microgram 
  UV/VIS   ultraviolet-visible 
  W    west 
  yr    year 








CHAPTER I - INTRODUCTION 
Increasingly ecologists are seeking to understand and predict how global climate 
change (e.g., global CO2 rise and warming, eutrophication) will alter the composition, 
structure, and function of forest ecosystems. Among these, increasing atmospheric CO2 
and associated warming is widely recognized as a central issue that is perturbing natural 
chemical cycles at the global scale (Urabe et al. 2010). Considerable attention has 
focused on forest soils, since they have the potential to sequester a large amount of 
carbon in the form of soil organic matter (Streck and Scholz 2006), and prior studies have 
documented that elevated atmospheric CO2 can increase the photosynthetic rate of trees 
by 40-80% depending on soil nutrient supply (Körner et al. 2005, Klein et al. 2016). This 
increase in the rate of net primary production (NPP) leads to increases in carbon 
allocation to belowground root systems (Janssens et al. 2005, Courty et al. 2010), thus 
increasing soil organic matter concentrations. Forest ecosystems can account for over 
75% of terrestrial C, and belowground C allocation has been reported to represent 25-
63% of net primary productivity on a global scale (Litton et al. 2007). Thus, 
photosynthetic activity in the forest canopy is directly linked to belowground C allocation 
via the flow of C to belowground biomass, such as the fine roots and their associated 
mycorrhizal symbionts (Cairney 2012, Clemmensen et al. 2013, Ekblad et al. 2013, 
Soudzilovskaia et al. 2015). 
Although it has been well-established that fine roots are a major component of 
NPP in forest ecosystems (Jackson et al. 1997, Janssens et al. 2001, Xiao et al. 2003, 
Malhi et al. 2011, Clemmensen et al. 2013), elucidation of the basic patterns of root 
production and turnover in forest ecosystems has been hindered by the difficulty to 
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accurately quantify root production and mortality (Persson 1990, Kosola and Eissenstat 
1994, Jackson et al. 1997, Rytter and Rytter 1998, Fahey et al. 1999, Hendricks et al. 
2006a, Martinez et al. 2016). Furthermore, the mechanisms regulating soil resource-plant 
interactions, in particularly plant-microbe interactions (e.g., Churchland and Grayston 
2014), have yet to be clearly elucidated. As a consequence, responding to environmental 
challenges like climate change (Grimm et al. 2013) will require an improved 
understanding of the patterns and controls of net primary production (NPP) in forest 
ecosystems and a greater mechanistic understanding of soil resource controls on 
belowground dynamics. 
A major shortcoming of most plant root production studies is that mycorrhizal 
fungi have not been included as a component of belowground NPP allocation, despite 
being widely recognized as important functional extensions of roots and a potentially 
large component of belowground C allocation (e.g., 5 to 85 % of net photosynthate 
allocation; as reviewed by Allen 1991 and Treseder and Allen 2000). Many tree species 
in boreal, temperate, and tropical forests form ectomycorrhizal associations (Allen 1991, 
Hobbie 2006). These fungi form a mutualistic nutritional symbiosis, whereby the plant 
symbiont provides ectomycorrhizal fungi with photosynthate (new carbon) in exchange 
for, but not limited to, enhanced nutrient uptake (Allen 1991, Smith and Read 2008, van 
der Heijden et al. 2014). Carbon assimilated by the plant via photosynthesis is transferred 
to the fungal symbiont via fine roots, where it is then used in the maintenance and 
production of ECM mycelial biomass and their sporulation structures (Cairney 2012). 
The mycelia of ECM envelope the fine root tips of the plant, creating a fungal-root 
interface, while also extending out into the soil environment (extramatrical mycelium), 
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thus increasing soil nutrient uptake through increased spatial exploration of the soil 
environment (Smith and Read 2008). ECM fungi are also known to produce a variety of 
hydrolytic and oxidative enzymes that can acquire nitrogen and phosphorus from soil 
organic matter (Courty et al. 2010). Thus, extramatrical mycelial growth of ECM fungi 
can act as a physical extension of the fine roots by providing the plant with enhanced 
access to and uptake of low mobility/limiting nutrients, particularly nitrogen and 
phosphorus. 
Currently, the growth and production dynamics of ECM are among the most 
poorly understood and quantified aspects in forest ecosystems. This paucity of data is 
due, in part, to our long-standing inability to determine rates of extramatrical mycelial 
production under natural field conditions (Treseder and Allen 2000, Wallander et al. 
2001, 2004, Hogberg and Hogberg 2002, Treseder 2004, , Hobbie 2006, Ekblad et al. 
2013). However, several recent studies support the increasing view that mycorrhizal 
fungi, specifically extramatrical fungal mycelial (EFM), is a large and dynamic 
component of C flow and nutrient cycles in forest ecosystems (Sims et al. 2007, Cairney 
2012, Clemmensen et al. 2013, Ekblad et al. 2013, Wallander et al. 2013, Hendricks et al. 
2016). For example, recently Hendricks et al. (2016) estimated that annual EFM standing 
biomass in a southern long-leaf pine forest averaged 30±7 g/m2 and that EFM production 
totaled 279 ± 63 g/m2/y, which was ~50% of the corresponding aboveground needle 
production (543 ± 37 g/m2/y).  
The EFM standing biomass and high production estimates reported by Hendricks 
et al. (2016) suggest that the death and turnover of ectomycorrhizal mycelia necromass 
may also be a significant component in forest soil biogeochemical cycles (Fernandez et 
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al. 2016). Previously, soil microbial necromass was often considered a relatively small 
pool of carbon and nutrients in comparison to plant root biomass (Fernandez et al. 2016). 
As a consequence, microbial necromass was often overlooked as a significant input to 
soil organic matter, which likely resulted from an inability to accurately quantify fungal 
biomass and rates of fungal production under field conditions (i.e., both mycorrhizae and 
saprotrophic) (Wallander et al. 2013). However, using the in-growth core technique 
(Wallander et al. 2001, Hendricks et al. 2006b), Hendricks et al. (2016) reported that 
EFM biomass alone had turnover rates of up to 10±3 times per year, indicating that a 
large quantity of carbon and nutrients can flow through forest soil systems via the 
turnover of microbial residues. The turnover estimates of Hendricks et al. (2016) were 
among the first reported for natural forest systems and confirm recent reports that 
ectomycorrhizal fungi are a large and dynamic component of the soil microbial biomass 
in forest ecosystems, whereby their necromass may account for a large flux of carbon and 
nutrients to the soil environment (Koide and Malcolm 2009, Fernandez and Koide 2012, 
Drigo et al. 2012, Zeglin et al. 2013, Russell 2014, Fernandez et al. 2016). Collectively, 
these findings illustrate the structural and functional significance of EFM in forest soils 
and highlight the importance of quantifying belowground EFM dynamics to gain a more 
comprehensive understanding of C flow and nutrient cycling in forest ecosystems.   
To better understand ectomycorrhizal fungal dynamics in forest soils and their 
concomitant role in soil carbon and nutrient cycling, we must gain a better quantitative 
understanding of fungal biomass and rates of production and the underlying elemental 
stoichiometry of fungal biomass. Historically, the lack of reliable methods to quantify 
fungal biomass and production within environmental samples (e.g., soils, decaying litter) 
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has led to a paucity of data on the importance of fungi in biogeochemical cycles (Kuehn 
2008, Kuehn 2016), including symbiotic mycorrhizal fungi. However, over the last 
several decades promising new methodological techniques have emerged to assess rates 
of ectomycorrhizal biomass (Wallander et al. 2001, Bääth et al. 2004) and production 
within the field (Cairney 2012, Hendricks et al. 2016) by quantifying the accrual of the 
fungal-specific cell membrane lipid, ergosterol. For example, Wallander et al. (2001) 
pioneered the ergosterol approach to measure extramatrical mycelia (EMM) production 
in forest soils using an in-growth and closed core technique. Here, sets of in-growth mesh 
bags containing acid-washed sand were placed within closed cores (PVC pipes) that 
prevented the growth of fine roots and associated ectomycorrhizae, or placed within open 
cores that allowed for the growth of fine roots and ectomycorrhizae. Ergosterol accrual in 
closed cores was assumed to represent production of saprotrophic fungal biomass, 
whereas ergosterol accrual in open cores was assumed to represent both saprotrophic and 
ectomycorrhizal biomass production. Consequently, rates of ectomycorrhizal biomass 
production were estimated by the difference in ergosterol accrual between closed and 
open cores.     
Since its development, the Wallander et al. (2001) in-growth core technique has 
been used by a number of researchers to estimate EEM production within a wide range of 
forest ecosystems (reviewed by Ekblad et al. 2013, Bahr et al. 2015, Hendricks et al. 
2016).  Despite its increasing popularity, a persistent issue in the reliability of the 
ergosterol-based in-growth core approach is centered on the ability to accurately convert 
ergosterol concentrations to meaningful measures of fungal biomass. To date, only a 
limited number of studies have investigated ergosterol-to-fungal mass conversion factors 
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for ECM fungal species (Salmanowicz and Nylund 1988; Martin et al. 1990; Antibus and 
Sinsabaugh 1993; Sung et al. 1995; Wallander et al. 1997; Colpaert et al. 1999). 
Furthermore, as observed for some saprotrophic fungal decomposers (Newell et al. 1987), 
a number of factors may influence ergosterol concentrations in fungal mycelium, such as 
species identity, age, physiological state, external carbon and nutrient (nitrogen and 
phosphorus) availability, and other environmental conditions (Wallander et al. 2013). 
Thus, more studies are warranted to help decrease the uncertainty of ergosterol-based 
methods in estimating fungal biomass in environmental samples. 
Additional issues obscuring our quantitative understanding of ectomycorrhizal 
importance in forest ecosystems are the lack of data concerning their biomass elemental 
stoichiometry and degree of homeostasis. Ecological stoichiometry addresses the balance 
of elements in biological systems and the consequences of elemental imbalances for 
organisms and ecosystem functioning. The ratios of major nutrients, such as carbon, 
nitrogen and phosphorus, may differ greatly among organisms and are dictated by their 
metabolic needs (Sterner and Elser 2002). Early theories of ecological stoichiometry were 
developed under the assumptions that autotrophs were non-homeostatic while 
heterotrophs were primarily homeostatic (i.e. capable of maintaining their biomass 
nutrient stoichiometry at varying levels of external nutrient availability) (Sterner and 
Elser 2002, Persson et al. 2010, Urabe et al. 2010). However, recent studies of 
decomposer fungi indicate that their biomass C:N and/or C:P may fluctuate (i.e., non-
homeostasis) in response to external nutrient availability (see Danger and Chauvet 2013, 
Fanin et al. 2014, Gulis et al. 2017). This elemental plasticity in fungi suggests that 
changes in elemental stoichiometry of ECM biomass could potentially influence the 
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exchange rate of nutrients with plants during nutritional symbiosis as well as alter 
nutrient cycling in forest soils, particularly via the decomposition of ECM necromass 
(Fernandez and Koide 2014, Fernandez et al. 2016, Ekbald et al. 2016). Despite the 
widely accepted importance ECM in forest ecosystems, very few studies have examined 
the nutrient stoichiometry of ectomycorrhizal biomass (Wallander et al. 2002, Olsson et 
al. 2008). Furthermore, the degree of elemental homeostasis in ectomycorrhizal fungi and 
their stoichiometric response to changes in nutrient availability is poorly understood. 
Because ECM are a key component of both the living and dead microbial biomass in 
forest soils, a better understanding of their elemental stoichiometry and degree of 
elemental plasticity (i.e., homeostasis) is warranted to fully assess the relative impacts of 
ECM fungi on forest soil biogeochemical cycles. 
Our current quantitative understanding of elemental stoichiometry in ECM fungi 
and their degree of homeostasis is still incomplete. As a consequence, this lack of data 
obscures our ability to comprehensively assess the involvement of ectomycorrhizal in 
carbon flow and nutrient cycling in forest soils. As ECM fungi are considered a large and 
dynamic component of the soil microbial biomass and necromass in forest ecosystems 
more studies are warranted to examine the potential influence of environmental nutrient 
supplies on their underlying elemental stoichiometry. On the basis of the foregoing 
discussion, the following questions represent the important next steps in expanding our 
understanding of ectomycorrhizal fungi within soil forest ecosystems: 
1. What are the effects of varying external inorganic nutrient supplies on ectomycorrhizal 
fungi nutrient stoichiometry and their degree of elemental homeostasis? Furthermore, 
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does variation in external nutrient supplies affect fungal specific biomarkers, such as 
ergosterol and chitin? 
2. Under controlled conditions, what are the rates of growth, production and turnover of 




CHAPTER II – METHODS AND MATERIALS 
Overall Experimental Design 
The objective of the present study sought to examine physiological responses 
(ergosterol-to-mass, chitin as glucosamine-to-mass and elemental stoichiometric ratios) 
of ectomycorrhizal fungi to different concentrations and ratios of dissolved inorganic N 
and P. Three genera of ectomycorrhizal fungi consisting of two Rhizopogon species 
(Rhizopogon sp. strain JDH1176 and Rhizopogon occidentalis strain PRM223), two 
Suillus species (Suillus hirtellus both PRM213 and JDH1105 strains and Suillus 
cothurnatus strain JDH1153) and 1 Lactarius species (Lactarius sp. strain JDH1157) 
were used in these experiments. All ectomycorrhizal isolates were provided by Dr. Jason 
Hoeksema at the University of Mississippi. These ectomycorrhizal fungi were cultivated 
in a defined liquid media (Modified Melin Norkrans - MMN) in 125ml Erlenmeyer 
culture flasks containing varying dissolved C:P, C:N and N:P ratios (Table 1, Figure 1). 
Fungal (mycelial) biomass were harvested after three weeks (see Antibus and Sinsabaugh 
1991) and analyzed for ergosterol and chitin (as glucosamine) concentrations, biomass C, 
N and P content, and corresponding C:N, C:P & N:P ratios. Overall, I hypothesized that 
ectomycorrhizal ergosterol-to-mass ratios and glucosamine-to-mass ratios will not differ 
in response to varying concentrations and ratios of dissolved inorganic N and P.  
Furthermore, I hypothesized that ectomycorrhizal fungal biomass will remain strictly 
homeostatic under varying concentrations and ratios of dissolved inorganic N and P. 
Experimental Approach 
Ectomycorrhizal fungi were grown in Modified Melin Norkrans (MMN), 
containing a labile carbon source glucose (20 g/L), MgSO4*7 H2O (0.5 g/L), Biotin 
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(5ug), Thiamine (1mg), and 2 ml/L of micronutrient stock solution (Fe(NO3)3*9H2O, 
ZnSO4*7 H2O, MnSO4* H2O) (Molina and Palmer 1982). Inorganic nitrogen and 
phosphorus were added as KH2PO4 (0.5 g/L stock solution) and NH4Cl (1g/L stock 
solution), respectively, at 9 different combinations of concentrations and ratios (Table 1, 
Figure 1). Initially, ECM fungal isolates were grown on MMN basel agar media (2% 
agar) for ~ 3 weeks. Thereafter, 3-6 agar plug cores from the growing mycelial margin of 
the culture were taken and placed into 25ml of basal liquid MMN media solution and 
grown for 14 days at 20°C in incubator. After 14 days, mycelial cultures were gently 
centrifuged (1000 rpm) and rinsed with sterile DI water. Mycelial pellets were then 
gently homogenized using a sterile glass homogenizer containing 40 ml sterile DI to 
create a standard inoculum. A 500µl aliquot of the mycelial homogenate was used to 
inoculate each 125ml Erlenmeyer culture flask containing 25 ml of liquid MMN media, 
with eight replicates per nutrient level. The culture flasks were placed statically in an 
incubator at 20°C (in darkness) for 21 d until harvested. 
Table 1. Nine combinations of nutrient concentrations and N+P treatment ratios used in 
the experiment. 
Treatment 










Low 4:1 36.1 19.9 138 87.5 
Medium 4:1 90.3 49.8 345 219.5 
High 4:1 225.9 124.5 863 548.5 
Low 16:1 91.4 12.6 349 55.5 
Medium 16:1 228.6 31.4 873 138.5 
High 16:1 571.5 78.8 2183 347 
Low 64:1 231.2 8.0 883 35 
Medium 64:1 578.3 19.9 2209 87.5 








After 21 days, four replicate culture flasks of each treatment group were harvested 
and used to determine mycelial ergosterol concentrations and the remaining four culture 
flasks were used to determine mycelial dry mass, glucosamine (chitin) concentrations and 
C, N, and P concentrations. For mycelial ergosterol concentrations, the concentrations of 
4 replicate flasks were filtered through pre-washed 25 mm glass fiber filters and captured 
mycelia washed with sterile DI water. The filtered and captured mycelial material was 
immediately preserved into 20 ml glass scintillation vials containing 5 ml of alcoholic 
KOH (0.8% KOH in HPLC grade methanol) and stored at -20 °C until analyzed for 
mycelial ergosterol concentrations (below). The mycelial concentrations of the 4 
remaining replicate flasks were transferred to sterile 50 ml polypropylene centrifuge 
tubes with plug-seal caps. Samples were centrifuged (2000 rpm) and the resulting 
Figure 1. Concentrations of inorganic nitrogen (N) and phosphorus 
(P) used in the 9 varying nutrient treatments of the experiment. 
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mycelial pellet rinsed 3 times with sterile DI water. Mycelial pellets were then stored at -
20 °C.  Washed frozen mycelial pellets were then lyophilized to dryness, weighed, and 
subsamples analyzed for mycelial glucosamine (chitin) concentrations and C, N, and P 
concentrations (see below). 
Ergosterol 
To quantify mycelial ergosterol concentrations, preserved samples (filter and 
mycelia) in glass scintillation vials were transferred to thick-walled capped digestion 
tubes, where the scintillation vial was rinsed twice with 2.5 ml alcoholic KOH (8g L-1 
KOH in HPLC grade methanol) for a final extraction volume of 10 ml. The filter and 
mycelia were then homogenized using a Polytron homogenizer (setting 10 for 5 sec) to 
ensure effective ergosterol extraction. Ergosterol in mycelial samples was then extracted 
in the alcoholic KOH for 30 min at 80 °C in the tightly capped digestion tubes with 
constant stirring. The resultant extract was partitioned into n-pentane and evaporated to 
dryness under a stream of nitrogen gas using a N-Evap 111. Ergosterol in dried samples 
was redissolved by sonication in 1 ml of methanol, transferred to HPLC screw capped 
autosampler vials, and stored at -20° C in darkness until analyzed. Ergosterol was 
quantified by High Pressure Liquid Chromatography (HPLC). A LichroSpher 100 RP-18 
column (0.46 x 25 cm, Merck Inc.) maintained in a Shimadzu column oven (CTO-10AS) 
at 40 °C and connected to a Shimadzu autosampler (SIL-10AD) and Shimadzu liquid 
chromatograph system (Pumps LC-10AT, Contoller SCL-10A) was used for separation 
and analysis. The mobile phase was HPLC grade methanol at a flow rate of 1.5 ml min-1. 
Ergosterol was detected at 282 nm using a Shimadzu (SPD-10A) UV/VIS detector and 
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was identified and quantified based on comparison with ergosterol standards (Fluka 
Chemical Co.). 
Chitin (N-acetylglucosamine) 
Glucosamine (chitin) concentrations of fungal mycelia were also determined, as 
chitin is also used as an alternative biochemical indicator molecule of total (living + 
dead) fungal mass (Ekblad et al. 1998). Samples were extracted and digested using a 
modified procedure originally developed by Su (2014). Briefly, approximately 1 gram 
lyophilized mycelia was weighed and placed in 1.5 mL screw-capped microcentrifuge 
tube. Samples were initially extracted in 0.2 M NaOH (1 mL total volume) for 6 h at 
room temperature (~20 ˚C). After 6 hours, samples were vortexed (~10 sec), centrifuged 
(10 min at 2000 rpm), and the supernatants carefully removed. An additional 1 mL of 
fresh 0.2 M NaOH was added to samples and tubes were placed in a heating block at 
100˚C for 17 h. After 17 h, samples were removed, cooled to room temperature, 
vortexed, centrifuged, and the supernatants removed (as above). The resulting sample 
pellets were then washed 3 times each with 1 mL of distilled water following the same 
procedure (i.e., vortexed, centrifuged, and supernatants removed). The resulting 
chitinosan (i.e., deacetylated polyglucosamine) in NaOH-washed pellets was then 
hydrolyzed to individual glucosamine residues in 8 M HCL (1 mL total volume) for 24 h 
at 110˚C in a dry-bath heating block. 
Glucosamine residues in acid hydrolyzed samples were converted to 9-
fluorenylmethylchloroformate (FMOC-Cl) derivatives and analyzed by HPLC with 
fluorescence detection. Ten µL of sample standard hydrolysate was placed into a clean 
sterile a 1.5 mL screw-capped microcentrifuge tube and neutralized to pH ~ 7 with the 
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addition of ~9 µL of 8 M NaOH. Borate buffer (211 µL of 0.5 M, pH=7.0) was added to 
microcentrifuge tubes, briefly vortexed, and glucosamine residues derivatized for 30 min 
at 20 ˚C by the addition of 250 µL of 9-fluorenylmethylchloroformate (15 mM in 
acetonitrile). After derivatization, an additional 500 µL of borate buffer (0.5 N, pH=7.0) 
was added to FMOC-glucosamine samples and samples vortexed and centrifuged (1 min 
at 10,000 rpm). Samples were then transferred to 1.5 mL HPLC screw-capped 
autosampler vials and stored at 4 ˚C until analyzed. Separation and analyses of FMOC-
glucosamine derivatives were performed by HPLC using a LichroSpher 100 RP-18 
column and mobile phase solutions ammonium formate (5 mM, pH=4.5) and HPLC-
grade acetonitrile. A binary gradient was performed from 30% acetonitrile:70% 
ammonium formate to 100% acetonitrile over 13 min at a flow rate of 1.0 mL min-1. The 
column was then regenerated with 100% mobile phase acetonitrile for 4 min before 
returning to initial running conditions (total run time of 21 min). FMOC-glucosamine 
was detected using a Shimadzu (RF-10AXL) fluorescence detector (excitation 260 nm, 
emission 330 nm), and was identified and quantified based on comparison with FMOC-
derivatized glucosamine standards (Sigma Chemical). 
Carbon, Nitrogen and Phosphorus Analysis 
Subsamples of lyophilized mycelial pellets were analyzed for carbon, nitrogen 
and phosphorus concentrations. Duplicate subsamples of collected lyophilized mycelia 
were weighed (~0.75 mg) using a Mettler microbalance, enclosed into 3x9 mm tin cups, 
and analyzed for carbon and nitrogen using a Costech C:N elemental combustion 
analyzer. Corresponding subsamples of fungal mycelia were also analyzed for 
phosphorus concentrations (see Su 2014). Here, mycelial subsamples (~1.0 mg) were 
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weighed into 20 x 125 mm glass tubes and combusted in a muffle oven at 500˚C for 4+ 
hours. The resulting ash was solubilized in 1 M HCl, diluted with distilled water and 
phosphorus concentrations determined using a SEAL AA3 Flow Injection Nutrient 
Analyzer (molybdate-ascorbic acid method).  
Data analyses 
Molar C:P, C:N, and N:P ratios of the nine media treatments were calculated 
directly by dividing molar amounts of respective nutrients (See Table 1, carbon 
concentration for all treatments was (666 mmol). Likewise, molar ratios of fungal 
biomass were estimated based on the molar amounts of C, N and P determined within 
fungal mycelial subsamples (see above). The degree of stoichiometric homeostasis in a 
fungal species was calculated using the homeostasis coefficient (H), where: 
log (y) = log (c) + log(x) / H 
where x is the nutrient stoichiometry of the resource (i.e. growth media), y is the nutrient 
stoichiometry of the fungal species (i.e., fungal biomass) and c is a constant (Sterner and 
Elser 2002). The slope of the regression between log(x) and log(y) is 1/H, and results in 
values ranging between 0 and 1 (Persson et al. 2010). Values of 1/H approaching 1 
indicate that a species is plastic (non-homoeostatic) in regard to their nutrient 
stoichiometry, whereas a 1/H value closer to zero suggests that a species is more 
homoeostatic in their elemental plasticity (Sterner and Elser 2002). 1/H values with 
significant regressions were classified as follows: 0 < 1/H < 0.25 ‘homeostatic’, 0.25 < 
1/H < 0.5 ‘weakly homeostatic, 0.5 < 1/H < 0.75 ‘weakly plastic’, 0.75 < 1/H < 1.0 
‘plastic’ (Persson et al. 2010). All statistical analyses were performed using R (version 
3.6.0) with differences considered significant at the p<0.05 level. Data were log 
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transformed prior to analysis to reduce heteroscedasticity. To test for nutrient effects on 
mycelial ergosterol and chitin concentrations, data for each species were analyzed 
separately using 2-way ANOVA with ratio and concentrations as factors. Tukey’s HSD 
was used for post hoc analysis when necessary. 
An ANCOVA for stoichiometry of fungal biomass N:P was run with resource 
concentration as a factor and resource N:P as covariate. Homogeneity of slopes between 
resource concentration and ratio was tested by factor x covariate interactions in 
ANCOVA. Interactions were removed from ANCOVA models when p > 0.05. 
Subsequently, where slopes were homogenous, linear regressions assessed the null 
hypotheses that fungal biomass N:P did not change with resource N:P (slope = 0 strict 
homeostasis) among resource concentrations and ratios. Where slopes were 
heterogenous, regressions assessed the null hypothesis of slope = 0 within each resource 
concentration (high, medium and low) independently. 
Mycocosm Growth Study 
All mycocosm growth work was conducted in the laboratory of Dr. Jason 
Hoeksema at the University of Mississippi, with subsequent analysis of samples being 
performed at the University of Southern Mississippi. These experiments were part of a 
broader study by M. Meachum (M.S. student, University of Mississippi) that sought to 
examine resource exchange rates between genetic populations of Pinus radiata and the 
mycorrhizal fungus, R. occidentalis. Here, 104 dual-chambered mycocosms were 
constructed using plates of clear polycarbonate separated by PVC spacers. The 
mycocosm volume consisted of two 1 L halves separated by a 44 μm nylon mesh screen 
and filled with sterile coarse sand. One side of the chamber contained the P. radiata 
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seedling and associated root and extramatrical mycorrhizal fungi (“tree” side), while the 
other chamber separated by the nylon mesh contained only extramatrical mycorrhizal 
hyphae. Previous studies indicated the 44μm prevents the growth of fine roots while 
allowing for the growth of extramatrical fungal hyphae (“fungi” side). Field soil was 
collected at the Kenneth S. Norris Rancho Marino Reserve, Cambria, CA along a 
vegetation gradient from grasslands to the interior of the P. radiata forests. Field 
collected soil was sieved through a 2 mm sieve and homogenized, and was then mixed 
with coarse play sand at the ratio of 1 part soil to 4 parts sand and then added (~800 ml) 
to each half of the dual-chambered mycocosms. The mycocosms were then sterilized, 
covered in 50 μm thick black plastic (to prevent algal contamination) and stored in 
growth chambers with HEPA filtered air to reduce likelihood of contamination from non-
target fungi.  
In 2006, 80-100 P. radiata seeds were collected from cones in two native 
populations, Cedros (28°24’48.0” N, 115°13’24.0”W) and Cambria (35°32’6.0” N, 
121°4’48.0 W) (Hoeksema et al. 2102). Collected seeds were soaked in 10% bleach for 
two minutes to surface sterilize, and then thoroughly rinsed and allowed to soak for 48 
hours in sterile DI. Seeds were kept moist at 4 °C for 21 days, followed by planting in 
autoclaved vermiculite/peat substrate (Metro-Mix 366; SunGro Horticulture Canada Ltd.) 
in sterile deep-plug flats. Flats containing seeds were placed in a Conviron Model ATC40 
environmental chamber at 26°C with 14-hr photoperiod (~302 µmol m-2 s1) and allowed 




After 14-week germination, each seedling was removed from vermiculite/peat 
substrate and rinsed with DI water. Seedling roots were then dip- inoculated in R. 
occidentalis spore slurry (concentration 2.0 x 107) and planted into the “tree” side of the 
dual chambered mycocosm. In total, 20 seedlings from each population (i.e., genetic 
families) were planted in mycocosms. All mycocosms were thoroughly watered prior to 
seedling planting. Mycocosms were maintained in growth chamber at 26°C with a 14-hr 
photoperiod (~302 µmol m-2 s-1) receiving water weekly for the duration of the 
experiment.  




















































Destructrive harvests were collected at 8, 16, 32, and 64 weeks after initial 
seedling placement into mycocosm. At each harvest, pine seedling shoots were separated 
from their root systems. Root systems and homogenized soil samples from each chamber 
side (“tree” and “fungi”) were collected and stored at -20C until analyzed for ergosterol. 
Root systems were lyophilized and homogenized by grinding to 40-mesh using a Wiley 




Growth Study Data Synthesis 
Fungal biomass (g m-2) was quantified for roots and soils from both sides of the 
mycocosm at each of the harvest dates using the conversion factor of 1.22 ± 0.21µg/mg. 
Rates of fungal growth and production were estimated based on ergosterol accrual (grams 
m-2) between sampling events. Production:Biomass (P:B) ratio (per year) was calculated 
as production rate for sampling event divided by biomass at time of sampling. This value 
was then used to calculate rates of fungal turnover and turnover times. 
One-way ANOVA was used to assess differences in fungal production and 
growth rates between pine populations and location of fungal mycelia (root or 
extramatrical). When necessary, data were square transformed to reduce heterogeneity of 
variances. 
CHAPTER III  - RESULTS 
Ergosterol 
Fungal ergosterol concentrations (g/mg) of ECM species were significantly 
different from one another (F5, 210 = 37.93, p<0.001) (Figure 2), with Sullius cothurnatus 
having the highest ergosterol concentrations (4.90 ± 1.63 g/mg) and Rhizopogon sp. 
having the lowest (2.12  0.28 g/mg) (Table 3). Nutrient concentrations and ratios also 
affected ergosterol concentrations of several ECM taxa, sometimes interactively (Figure 
3), although there was no clear pattern of how the varying resource N:P concentrations 
and ratios affected ergosterol concentrations on an individual taxon level. Ergosterol 
concentrations were significantly different between the species of Rhizopogon (strain 
PRM 223, 2.71  1.02 g/mg and strain JDH 1176, 2.12  0.28 g/mg), and between the 
two strains of S. hirtellus (S. hirtellus strain 213, 3.38  0.68 g/mg and S. hirtellus strain 
1105 2.57  0.87 g/mg). 
Table 3. Ergosterol concentrations of the ectomycorrhizal strains examined over all 






PRM 223 2.71 1.02 
Rhizopogon sp. 
JDH 1176 2.12 0.28 
S. hirtellus 
PRM 213 3.38 0.68 
S. hirtellus 
JDH 1105 2.57 0.87 
S. cothurnatus 
JDH 1153 4.90 1.63 
Lactarius sp. 








Rhizopogon sp. and Lactarius sp. ergosterol concentrations were not significantly 
affected by nutrient concentrations (Rhizopogon sp. p = 0.610; Lactarius sp. p = 0.168), 
but were significantly affected by resource N:P ratios. Rhizopogon sp. had the lowest 
ergosterol concentrations of 1.94  0.27 g/mg when grown under the lowest N:P ratio 
media (Rhizopogon strain JDH 1176: F2,27 = 7.84, p = 0.002) while Lactarius sp. had the 
highest ergosterol concentrations of 3.84  1.93 g/mg when grown under low N:P ratio 
conditions (Lactarius strain JDH 1157: F2,27 = 4.23, p = 0.025) (Figures 3B & 3F). In 
contrast, S. hirtellus (strain PRM 213) and S. hirtellus (strain JDH 1105) ergosterol 
concentrations  
Figure 2. Box-plot of ergosterol concentrations of the ectomycorrhizal 
strains examined over all nutrient concentration and ratios (n=36). 
Box and error bars represent quartiles around the median. Dots 
represent the maximum and minimum values). Different letters denote 






Figure 3. Effect of varying N:P concentrations and ratios on the ergosterol concentrations of the 
ectomycorrhizal species examined (mean±SE, n=4). Different letters denote significant differences, p<0.05 
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exhibited a significant interaction between concentration and ratio (strain PRM 213: 
F4,27= 12.67, p<0.001; strain JDH 1105: F4,27 = 3.39, p = 0.023). Ergosterol 
concentrations of S. hirtellus (strain PRM 213) were the highest when grown under the 
low-ratio high-concentration nutrient media (4.30  0.23 g/mg dwt.) and lowest when 
grown under the higher-ratio medium-concentration nutrient media (2.11  0.07 g/mg 
dwt.). S. hirtellus (strain JDH 1105) had higher ergosterol concentrations in the high-ratio 
high-concentration media formulation (4.41  1.04 g/mg dwt.) (Figures 3C & 3D). 
Glucosamine 
As with ergosterol content, there were both inter- and intraspecific variations in 
mycelial glucosamine content. Glucosamine concentrations of the ectomycorrhizal fungi 
examined also significantly differed between species (F5,186 = 68.92, p<0.001) (Figure 4). 
R. occidentalis (strain 223) had considerably higher mean glucosamine content (12.38  
2.30 g/mg) as compared to the other species examined, with almost two-fold more 
glucosamine than S. hirtellus (strain PRM 213), which had the second highest 
glucosamine content with 6.41 3.52 g/mg (Table 4). Although S. hirtellus (strain PRM 
213) had the second highest glucosamine content, the S. hirtellus (strain PRM 1105) 
strain had the second lowest glucosamine content (1.96  1.20 g/mg) followed by S. 
cothurnatus (strain PRM 1153) with 1.45  0.72 g/mg (Table 4). The two Rhizopogon 
species were significantly different from one another, R. occidentalis (12.38  2.30 
g/mg) having about 4-fold more glucosamine content than Rhizopogon sp. (3.03  0.74 
g/mg). The two strains of S. hirtellus had a similar pattern to the Rhizopogon species, 
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with S. hirtellus (strain PRM 1105) having a glucosamine content that was not 
significantly different than the S. cothurnatusspecies (Figure 4). 
Similar to ergosterol concentrations, glucosamine concentrations of several ECM 
species responded to varying nutrient concentrations and ratios (Figure 5). Glucosamine 
concentrations were often higher at the higher concentrations and at higher N:P ratios 
(Figure 5). R. occidentalis (strain 223), Rhizopogon sp. (strain JDH 1176) and S. hirtellus 
(strain JDH 1105) glucosamine concentrations were not significantly affected by varying 
resource concentrations and ratios (Figure 5A & 5B). In contrast, S. hirtellus (strain PRM 
213) and S. cothurnatus (strain 1153) glucosamine concentrations were significantly 
affected by the ratio of available nutrients (strain PRM 213: F2,23 = 10.36, p = 0.001; 
strain JDH 1153: F2,23 = 5.12, p = 0.015). S. hirtellus (strain 213) had the lowest 
concentration of glucosamine (3.64  2.87 g/mg) when grown under the low resource 
N:P. 
Table 4.Glucosamine concentrations of the ectomycorrhizal strains examined over all 






PRM 223 12.38 2.30 
Rhizopogon sp. 
JDH 1176 3.03 0.74 
S. hirtellus  
PRM 213 6.41 3.52 
S. hirtellus  
JDH 1105 1.96 1.20 
S. cothurnatus 
JDH 1153  1.45 0.72 
Lactarius sp. 








S. cothurnatus had highest glucosamine (1.83  0.77 g/mg) when grown under the low 
resource N:P, followed by the highest N:P media (1.38  0.58 g/mg) with the 16:1 
resource N:P media having the lowest glucosamine concentration (1.14  0.66 g/mg) 
(Figure 5). Lactarius sp. had a significant interaction of concentration and ratios (F4,23 = 
16.24, p<0.001), with the lowest glucosamine content at the lowest concentration and 
lowest N:P ratio (1.181  0.37 g/mg). The effect of resource concentrations on the 
glucosamine concentration in Lactarius sp. were strongest when grown under low N:P 
conditions (Figure 5F).
Figure 4. Box-plot of glucosamine concentrations of the 
ectomycorrhizal strains examined over all nutrient concentration and 
ratios (n=31-33). Box and error bars represent quartiles around the 
median. Dots represent the maximum and minimum values). Different 






Figure 5. Effect of varying N:P concentration and ratios on the glucosamine concentration of the 





ANCOVA was used to test effects of resource concentration on fungal 
stoichiometry with resource N:P as covariate. Homogeneity of slopes between 
concentrations were tested by an interaction (P < 0.05) in ANCOVA. Interaction was 
removed from ANCOVA if P > 0.05. A linear regression was used to assess the null 
hypothesis that fungal N:P did not change with resource N:P in a 1:1 manner (slope = 0) 
(Figure 6). If the interaction was significant, slopes were classified as heterogeneous, 
resulting in a linear regression run within each concentration independently. 
R. occidentalis, S. hirtellus (PRM 213), S. hirtellus (JDH 1105) and Lactarius sp. 
all exhibited homogenous slopes across the concentrations. Of these four species, only R. 
occidentalis had a slope significantly different from zero (p<0.001), but was still  
classified as homeostatic with a 1/H value of -0.152. The other three species are 
considered strictly homeostatic, as their slopes (1/H) did not significantly differ from zero 
(Table 5). 
Rhizopogon sp. (concentration x ratio interaction: F4,27 = 7.23, p = 0.003) and S. 
cothurnatus (concentration x ratio interaction: F4,26 = 4.52, p = 0.021) did not have 
homogenous slopes, thus regressions were run separately for each level of concentration. 
Rhizopogon sp. degree of homeostasis was dependent upon concentration (p = 0.003) 
with the lowest concentration classified as weakly homeostatic (1/H = -0.31) with a slope 
significantly different from zero (p = 0.007). S. cothurnatus degree of homeostasis was 
dependent upon concentration (p = 0.021) with the highest concentration classified as 





Table 5. Analysis of covariance for fungal stoichiometry with concentration as factor and ratio as continuous covariate. Homogeneity 
of slopes tested by interaction (P< 0.05) in ANCOVA. Interactions removed with P >0.05 indicated by N/A. Where slopes were 
homogenous, linear regression assessed the null hypothesis that fungal N:P changed with resource N:P in a 1:1 manner (slope =1) 
among all resource concentrations. Where slopes were heterogenous, linear regression assessed null hypothesis within each 
concentration independently.  
 
Species Predictor P- value Resource Concentration Slope (1/H) P- value Classification 
R. occidentalis Resource N:P <0.001 ALL -0.152 <0.001 Homeostatic 
PRM 223 concentration 0.912     
 Interaction N/A     
Rhizopogon sp. Resource N:P 0.25 Low -0.314 0.007 Weakly Homeostatic 
JDH 1176 concentration 0.033 Medium 0.039 0.430 Strictly Homeostatic 
 Interaction 0.003 High 0.102 0.331 Strictly Homeostatic 
S. hirtellus Resource N:P 0.523 ALL 0.022 0.577 Strictly Homeostatic 
PRM 213 concentration 0.847     
 Interaction N/A     
S. hirtellus Resource N:P 0.178 ALL -0.148 0.119 Strictly Homeostatic 
JDH 1105 concentration 0.611     
 Interaction N/A     
S. cothurnatus Resource N:P 0.003 Low -0.013 0.845 Strictly Homeostatic 
JDH 1153 concentration 0.027 Medium 0.157 0.086 Strictly Homeostatic 
 Interaction 0.021 High 0.330 0.010 Weakly Homeostatic 
Lactarius sp. Resource N:P 0.254 ALL -0.066 0.433 Strictly Homeostatic 
JDH 1157 concentration 0.246     









Concentration alone did not affect N:P ratios of any of the species (p > 0.05; 
Table 5). Factor effects of concentration on fungal stoichiometry could only be assessed 
if slopes were homogenous, due to no interaction between resource N:P and resource 
concentration. 
Mycocosm Growth Experiments 
One-way ANOVAs indicated no differences in growth rates or rates of ectomycorrhizal 
fungal production between the 4 populations of P. radiata in regards to both 
extramatrical mycelia (production F3,9 = 0.869,  p = 0.492; growth: F3,9 = 0.132, p = 
0.939) and root associated mycelia (production: F3,8 = 0.109, p = 0.952; growth: F3,8 = 
0.199, p = 0.894) (Table 6). Because there was no difference in growth and production of 
both the root associated mycelia and extramatrical mycelia between pine populations, all 
populations were pooled across all 4 populations to determine if fungal production and 
growth rates were different between the roots and the extramatrical soil. A one-way 
ANOVA indicated there was no difference in either the growth or production rates 
between the extramatrical mycelia or the root associated mycelia (production: F1,23 = 
0.721, p = 0.405; growth F1,23 = 0.155, p = 0.697). 
Because statistical analysis detected no difference between the extramatrical 
mycelia and the root associated mycelia nor among the 4 pine populations, the mean of 
all the fungal growth and production rates were calculated resulting in a mean fungal 
production rate of 0.051 ± 0.03 g m-2 day-1 and mean fungal biomass of 7.401 ± 4.12 g m-
2. These values give a P:B (per year) of 3.82 ±0.78 with a turnover time of 99.42 ± 




Table 6. Summary of production, biomass, and turnover rates of extramatrical mycelia and root associated mycelia for 
two genetic families of P. radiata. 
  Extramatrical fungi 
P. radiata population CAM2 CAM9 CED2 CED13 
 Mean±SD Mean±SD Mean±SD Mean±SD 
Fungal production g m-2 d-1 0.05 ± 0.04 0.11 ±0.042 0.07 ±1.86 0.03 ± 0.11 
Fungal biomass g m-2 5.29 ± 6.16 16.26 ±11.75 9.44 ± 5.30 7.90 ± 2.29 
P:B ratio yr-1 5.07 ± 2.45 4.17 ± 3.32 4.08 ± 2.53 2.59 ± 3.42 
Turnover time d-1 72 88 89 141 
     
 Root fungi 
P. radiata population CAM2 CAM9 CED2 CED13 
 Mean±SD Mean±SD Mean±SD Mean±SD 
Fungal production g m-2 d-1 0.04 ± 0.03 0.05 ±0.05 0.04 ± 0.04 0.03 ± 0.05 
Fungal biomass g m -2 4.04 ± 5.24 7.80 ± 8.26 4.15 ± 0.76 4.32 ± 5.42 
P:B ratio yr-1 3.84 ± 1.31  3.45 ± 2.02 4.32 ± 1.57 3.04 ± 2.55 






CHAPTER IV – DISCUSSION 
The biomolecules ergosterol and chitin are both used in quantifying fungal 
biomass. Ergosterol degrades rapidly after cell death (Gessner and Newell 2002), and is 
therefore used as an indicator of metabolically active fungi. In contrast, chitin 
(glucosamine) persists longer after cell death (Ekblad et al. 1998, but see Fernandez and 
Koide 2012), and has been used as an indicator molecule of both living+dead fungal 
biomass. The present study shows the variability of ergosterol and glucosamine (chitin) 
content of ectomycorrhizal species and highlights the need, if possible, to apply more 
appropriate conversion factors based on fungal species of interest. Along with this innate 
variability in ergosterol and glucosamine (chitin) concentrations and its response to 
varying environmental nutrient regimes (i.e., concentrations and ratios), these species of 
ECM fungi were also more static in their elemental composition than previous studies 
have observed in saprotrophic fungi (e.g., aquatic hyphomycetes, see Danger and 
Chauvet 2013, Gulis et al. 2017). This could possibly be a consequence of our method 
growing ectomycorrhizal species in higher labile carbon liquid culture rather than in 
direct association with a plant symbiont. Future studies may benefit from a mycocosm 
approach to further investigate the elemental homeostasis and growth dynamics of 
ectomycorrhizal fungi across a gradient of nutrient concentrations and ratios. 
Ergosterol 
Ergosterol is used as a chemical index biomarker for quantifying fungal biomass 
in a range of sample types and under a variety of environmental conditions (Ekblad et al. 
1998, Gessner 2005, Hendricks et al. 2006b, Wallander et al. 2012, Hendricks et al. 
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2016). Due to its widespread use and importance in providing estimates of fungal 
biomass, how ergosterol concentrations of fungi are affected by varying nutrient 
conditions is important to understand. ECM fungi form nutritional symbioses with wide 
range of host plants under a myriad of environmental conditions. If ergosterol 
concentrations are affected by resource availability (N, P), understanding how varying 
nutrient conditions affect ergosterol is important for correctly quantifying fungal 
biomass. In the present study, ergosterol concentrations of the ECM species examined 
differed both inter- and intraspecifically. Under varying nutrient concentrations and N:P 
ratios, ergosterol concentrations among four of the six species were affected by N:P 
resource ratios, and two of those species responded interactively between both 
concentration and ratios of N:P.  In both Rhizopogon sp. and Lactarius sp., ergosterol 
concentrations were only affected by N:P ratio, with Rhizopogon sp. exhibiting higher 
ergosterol concentrations when grown under higher N:P ratios while Lactarius sp. 
exhibited higher ergosterol concentrations when grown under lower N:P ratios. In the two 
Suillus hirtellus strains, ergosterol concentrations responded interactively to N:P ratio and 
concentrations. In the case of both strains, the ergosterol responses to nutrient 
concentrations were only relevant at high N:P resource ratios, although the actual 
response was different between the two strains. Overall, these findings suggest differing 
species and strains of ectomycorrhizaal fungi may vary widely in regard to their 
ergosterol concentrations and that nutrient concentrations and ratios (N:P) may influence 
those concentrations. 
Previous research with saprotrophic fungi has also observed marked differences in 
ergosterol concentrations among species (Gessner and Newell 2002). Recently, Brosed et 
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al. (2017) observed that interspecific differences explained up to ~60% of the variation in 
ergosterol concentrations in aquatic hyphomycetes. Furthermore, ergosterol 
concentrations between strains of the same species were also variable, and accounted for 
up to 11% of the variation (Brosed et al. 2017). This inherent variability in ergosterol 
concentrations among fungal species and variability in the response to external nutrient 
availability (both concentrations and N:P ratio) increases the uncertainty of the 
ergosterol-to-fungal biomass method.  More studies are clearly needed to understand how 
ergosterol concentrations of fungi (both saprotrophic and ectomycorrhizal) vary among 
species and in response varying environmental conditions (e.g., nutrients, temperature 
etc). Such studies will be needed to more accurately apply meaningful ergosterol 
conversion factors to estimate fungal biomass within environmental samples. 
The ergosterol-to-fungal mass conversion factor developed by Gessner and 
Chauvet (1993) for aquatic hyphomycetes 5.5 ± 2.6 µg ergosterol / mg fungal dry mass 
has often been used as a common conversion factor for investigators using ergosterol-
based method (see Gessner and Newell 2002, Gessner 2005). This value is quite similar 
to values obtained for ectomycorrhizal fungi (5.0 ± 3.8 µg ergosterol / mg fungal dry 
mass, see Salmanowicz and Nylund 1988, Martin et al. 1990, Antibus and Sinsabaugh 
1993, Sung et al. 1995, Wallander et al. 1997, Colpaert et al. 1999). In the present study, 
ergosterol concentrations within the ECM species examined averaged 3.1 ± 1.4 µg 
ergosterol / mg fungal dry mass, which was slightly lower but still within the range of 
ergosterol concentrations previously reported. The lower values reported here may be 
inherent to the ECM fungi examined or could also be due to the culture conditions (i.e., 
defined media) employed in this study. In the present study, ECM liquid cultures were 
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grown statically in an incubator. This lack of movement could have resulted in conditions 
(lower oxygen, carbon and nutrient diffusional gradients) that could have resulted in 
reduced ergosterol concentrations (Gessner and Chauvet 1993, Charcosset and Chauvet 
2001). 
Glucosamine 
Similar to ergosterol concentrations, there was also variability in glucosamine 
(chitin) concentrations among the ECM species examined. Furthermore, glucosamine 
concentrations also varied in response to nutrient availability (both to resource 
concentrations and ratios). In the present study, S. hirtellus (strain 213) glucosamine 
concentrations significantly responded to the varying N:P ratios, exhibiting lowest 
glucosamine concentrations when grown under the lowest N:P ratio, while S. hirtellus 
(strain 1105) did not show any response to varying N:P ratios. Likewise, S. cothurnatus 
responded to N:P ratio, but unlike S. hirtellus (strain 213), higher concentrations of 
glucosamine were observed when grown under the lowest N:P ratio treatment. Lactarius 
sp. was the only species that responded interactively. When grown under low N:P ratios, 
Lactarius sp. glucosamine concentrations corresponded to the concentration level within 
the low N:P ratio (the higher the resource concentration the higher the glucosamine 
content). Some of this variability in glucosamine concentrations might be attributed to 
innate differences between isolates (Fernandez and Koide 2012).  
While both ergosterol and glucosamine are useful in estimating fungal biomass, 
glucosamine (chitin) may also provide information on the rate at which fungal necromass 
decomposes. Fungal biomass constitutes a major portion of microbial biomass in forest 
soils, therefore its turnover is important when understanding carbon and nutrient cycles in 
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forest ecosystems. Chitin is a structural polysaccharide high in nitrogen (i.e., C:N = 8) 
and N concentration has been shown to be positively correlated with decomposition of 
fungal tissue (Koide and Malcolm 2009). High initial chitin content in fungal tissue has 
been positively correlated with higher rates of decomposition (Fernandez and Koide 
2012), suggesting chitin is not recalcitrant and can act as an important source of nitrogen, 
particularly in N poor environments. Variability in chitin content of mycorrhizal fungi 
implies that different fungal species may differ in their potential to serve as a source vs. 
sink of nitrogen in temperate forest ecosystems. In this way, the structure of 
ectomycorrhizal fungal communities may potentially influence ecosystem carbon and 
nutrient cycling (Koide et al. 2014). 
Establishing reliable conversion factors for chitin and ergosterol is important for 
establishing reliable estimates of fungal biomass in a range of complex environmental 
samples. Due to the inherent variability of these compounds within species as well as the 
variability of how chitin and ergosterol contents respond to varying resource conditions, 
further work is needed to develop species-specific conversion factors under varying 
environmental nutritional regimes.  Still, the data presented here may help future studies 
account for potential variation in conversion factors across gradients of nutrient 
availability. 
Homeostasis 
Although our understanding is improving with regard to stoichiometry of fungi, 
due to their influence in biogeochemical cycling in the environment, more work remains 
in quantifying the range of elemental variation and how varying environments may affect 
their underlying nutritional content (Zhang & Elser 2017). Ecological stoichiometry is a 
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powerful concept that is increasingly being applied to forest soil microbial communities 
(fungi) to better understand their nutritional constraints across a range of ecosystems 
(Wallander et al. 2003, Xu et al. 2013, Zechmeister-Boltenstern et al. 2015). A better 
understanding of the stoichiometry of ectomycorrhizal fungi is important for 
understanding not only how their resource consumption and requirements may affect 
their nutritional symbiotic relationship with their host plants, but how fungal necromass 
decomposition influences ecosystem carbon and nutrient cycling. 
There is conflicting data on the degree to which fungi are homeostatic in their 
elemental composition. Prior studies of aquatic hyphomycetes and ectomycorrhizal 
fungal species suggested that they are relatively homeostatic with respect to their C:N, 
but not homeostatic in regards to their C:P and N:P ratios (Koide & Malcolm 2009, Gulis 
et al. 2017). Unlike the cellulose-based cell walls of plants, fungal cell walls are 
comprised of the nitrogen rich structural polysaccharide chitin (Trocha et al. 2016) and 
other nitrogen containing components (melanin, glycoproteins, hydrophobins) 
(Fernandez et al. 2016). Because fungal cell walls can account for approximately 20-50% 
of total fungal biomass (Ruiz-Herrera 1992), their cell wall chemistry may constrain them 
in their ability to display plasticity in terms of their nitrogen content.  
Previous studies with hyphomycetes revealed that these fungi tended to match 
their C:N:P elemental composition to that of their resource, particularly when in the 
exponential growth phase. Aquatic hyphomycetes exhibited highly plastic elemental 
compositions, with C:nutrient ratios reaching higher values during stationary phase of 
growth than that reported for bacteria (Danger and Chauvet 2013). This high C:nutrient 
ratio of fungi, along with their enzymatic capabilities, points to the competitive advantage 
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fungi have over bacteria in nutrient-poor environments (Danger and Chauvet 2013). 
Species differences in nutritional demands could potentially have a major impact on 
microbially mediated nutrient cycling.   
The ECM fungi used in this study exhibited a higher degree of homeostasis 
(lower 1/H values) than observed in previous studies, although there were some 
interesting significant responses in species of Rhizopogon. These fungi were more plastic 
in N:P, and retain P internally when it was highly limiting (high resource N:P) and 
releasing N when it was non-limiting (high resource N:P), causing internal cells to be low 
N:P on high N:P resources (Figure 6). A possible explanation for this would production 
of extracellular enzymes such as phosphatase, as this enzymatic activity along with others 
have been observed in Rhizopogon species (Ho and Trappe 1987) since enzymes are N-
rich and should not be measurable as internal cell quotas. Phosphatase activity is 
generally high in phosphorus poor environments (Olander and Vitousek 2000), so 
although phosphatase activity was not quantified in this study, this could be a possible 
explanation for the lower fungal N:P in a high N:P environment. 
Mycocosm Growth 
The production and turnover of ectomycorrhizal fungal tissue is an important and 
currently poorly understood component in forest biogeochemical cycling (Hendricks et 
al. 2016). Increasingly, research is being focused on ECM’s ability to sequester carbon as 
organic matter in soils as a means of mitigating the increase in atmospheric CO2 due to 
human activity (Hoeksema & Classen 2012, Cairney 2012, Ekblad et al. 2013, Averill et 
al. 2014, Averill & Hawkes 2016). Although soil microbial communities and resultant 
necromass are important contributors to soil organic matter, not all communities are 
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created equal in their ability to sequester carbon as soil organic matter. Saprotrophic 
fungi decompose organic matter to obtain and assimilate nutrients for their own growth 
and production, utilizing soil carbon as a source of energy (Kranabetter et al. 2019). As a 
result, the majority of carbon obtained from soil organic matter by saprotrophs is respired 
back into the atmosphere, whereas ECM are biotrophs, predominantly obtaining carbon 
in the form of photosynthates from their host plant, with approximately 20% of net 
photosynthesis from host plant required for the production and maintenance of ECM 
(Hobbie 2006). The mycelia of ECM allocate carbon into biomass for better exploration 
of the soil matrix acting as fine root extensions as defined by their symbiotic relationship. 
Not only do ECM provide a direct route for carbon movement below ground, but ECM 
can inhibit the decomposition activities of saprotrophic fungi, as well as physically 
protect fine root matter from decomposition by means of the mycelial mantle ensheathing 
the root (Koide & Malcolm 2009). 
Using the in-growth core approach, Hendricks et al. (2016) recently observed in 
situ ECM production rates of 0.764 ± 0.17 g m-2 d-1 in a longleaf pine forest ecosystem. 
In the present study, ECM production rates within controlled laboratory mycocosms were 
much lower, averaging 0.051 ± 0.027 g m-2 d-1. The calculated turnover times for these 
rates of production (based on the P/B) was 99 days, resulting in an average turnover rate 
of 3.67 times per year. These data suggest a ECM mycelia lifespan of about ~3.5 months. 
In contrast, Hendricks et al. (2016) reported an average ectomycorrhizal fungal mycelial 
lifespan of about 1.2 months. The slower turnover times reported here may be a result of 
the mycocosm approach, where the more controlled laboratory conditions limited other 
factors that could have potentially increased turnover rates such as abiotic environmental 
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conditions, exposure to other microbial communities, foraging from fungivores, and the 
actual substrate material.  
For example, Ekblad et al. (2013) observed that Rhizopogon colonizing patches of 
organic matter had higher turnover rates when compared to those colonizing surrounding 
silica mineral substrate, suggesting that mycelia turnover rates may be influenced by 
substrate material.  Rhizopogon is also classified as a high biomass, long-distance 
exploration type (Agerer 2001) that develops highly differentiated rhizomorphs that do 
not turnover as rapidly as a single hypha due to their physical structure and 
hydrophobicity, which may protect them from microbial enzymatic degradation enzymes 
(Ekblad et al. 2013). Rhizopogon, and other ECM species that share this highly 
productive and recalcitrant exploration type, could potentially act as carbon sinks, not 
only as a consequence of high demand carbon biomass, but also in their ability to 
compete with other microbes (saprotrophic fungi and bacteria), lowering total soil 
respiration rates (Averill et al. 2016). 
The slower production and turnover times observed in the laboratory based 
mycocosm in comparison to more in situ field-based studies point to the importance of 
further research in understanding abiotic and biotic factors influencing the production and 
turnover rates of ectomycorrhizal mycelia, particularly under field conditions. Previous 
studies have estimated that the average ectomycorrhizal production rate in the top 10 cm 
of forest soils is 160 kg dry matter ha-1 year, but the range varies from 20 kg ha-1 year for 
Quercus sites in Sweden (Nilsson et al. 2007) to 980 kg ha-1 over 4 months in a Pinus 
taeda plantation in North Carolina (Parrent and Vilgalys 2007). These production rates 
along with those of other researchers (Sims et al. 2007, Hendricks et al. 2016) illustrate 
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that ectomycorrhizae are a large and dynamic pool of belowground carbon and nutrients 
in forest ecosystems. Accurate quantification of the production and turnover rates of 
EMM and factors influencing EMM’s ability to act as a stable carbon pool are relevant 
for forest management practices with the goal of sequestering carbon via ECM fungi. 
Conclusion 
The work in this study addressed how varying external nutrient availability 
affected the ergosterol and chitin content of ectomycorrhizal as well as their elemental 
stoichiometry. A better understanding of these responses will allow for accurate 
quantification of the biomass of ECM species when attempting to elucidate the dynamics 
of their growth and how their nutritional demands could possibly influence their role as 
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